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Rod and cone photoreceptors detect light and relay this information through a multisynaptic pathway to the brain by means of retinal ganglion cells (RGCs) 1 . These retinal outputs support not only pattern vision but also non-image-forming (NIF) functions, which include circadian photoentrainment and pupillary light reflex (PLR). In mammals, NIF functions are mediated by rods, cones and the melanopsin-containing intrinsically photosensitive retinal ganglion cells (ipRGCs) 2, 3 . Rod-cone photoreceptors and ipRGCs are complementary in signalling light intensity for NIF functions [4] [5] [6] [7] [8] [9] [10] [11] [12] . The ipRGCs, in addition to being directly photosensitive, also receive synaptic input from rod-cone networks 13, 14 . To determine how the ipRGCs relay rod-cone light information for both image-forming and non-image-forming functions, we genetically ablated ipRGCs in mice. Here we show that animals lacking ipRGCs retain pattern vision but have deficits in both PLR and circadian photoentrainment that are more extensive than those observed in melanopsin knockouts 8, 10, 11 . The defects in PLR and photoentrainment resemble those observed in animals that lack phototransduction in all three photoreceptor classes 6 . These results indicate that light signals for irradiance detection are dissociated from pattern vision at the retinal ganglion cell level, and animals that cannot detect light for NIF functions are still capable of image formation.
The retinal ganglion cells that express melanopsin (rendering them intrinsically photosensitive) send monosynaptic projections to the suprachiasmatic nucleus (SCN) and the intergeniculate leaflet (IGL), responsible for circadian photoentrainment, and the olivary pretectal nucleus (OPN), responsible for PLR 15 . It has been reported that RGCs that do not contain melanopsin innervate the same NIF brain centres [15] [16] [17] [18] [19] . In mice genetically engineered to lack melanopsin protein, the RGCs that would normally express this opsin still project to the NIF centres, but these cells are no longer intrinsically photosensitive 8 . In these animals, PLR and circadian light responses are reduced but not absent, indicating that rods and cones are capable of light detection for NIF functions [8] [9] [10] [11] . The rod-cone signals for NIF functions are undoubtedly relayed to the brain by RGCs, but it is unclear whether ipRGCs, conventional RGCs, or both are responsible (Fig. 1a) .
To eliminate ipRGCs, we introduced a gene (aDTA) encoding attenuated diphtheria toxin A subunit (aDTA) 20 into the mouse gene locus encoding melanopsin ( Supplementary Fig. 1a, b) . Using antibody staining in retinas from animals expressing aDTA (Opn4
), we found that 3.1 6 1.5% (mean 6 s.e.m.) of melanopsin cells remained in the Opn4 aDTA/1 animals (Fig. 1b) . Staining with 5-bromo-4-chloro-3-indolyl-b-D-galactoside (X-gal) in animals with the aDTA gene in one melanopsin allele and tau-LacZ in the other (Opn4 aDTA/tau-LacZ ) 3 revealed that 17.2 6 1.0% of melanopsin cells remained in the retinas of these animals at six months of age (Fig. 1c) . Consistent with the elimination of ipRGCs, we observed fewer fibre terminals in the SCN, IGL and OPN of Opn4 aDTA/tau-LacZ animals than in those of Opn4 tau-LacZ/1 animals ( Fig. 2a-c) . The degree of ipRGC ablation in the heterozygous animals increased with age ( Supplementary Fig. 2a-c) .
To ablate ipRGCs more completely, we generated animals homozygous for aDTA (Opn4 aDTA/aDTA ). The morphology and thickness of the retina in the Opn4 aDTA/aDTA animals were not different from those in wild types (Fig. 1d) . Injection of fluorescently conjugated cholera toxin into the eye, which labels all ganglion cell fibres from the retina, showed that few fibres innervated the SCN and IGL in the Opn4 aDTA/aDTA animals ( Fig. 2d, e) . Furthermore, comparison between age-matched Opn4 aDTA/1 and Opn4 aDTA/aDTA mice verified that the extent of ipRGC ablation was greater in homozygous animals ( Supplementary Fig. 2d ). We also observed that target innervation by other RGCs was unaffected both in the dorsal lateral geniculate nucleus, which is important for image formation, and in the rostral core of the OPN 15 ( Fig. 2e, f) . To assess whether image-forming functions are affected in animals expressing aDTA, we measured electroretinograms, optokinetic nystagmus responses, visual acuity and the ability of the animals to detect a visual cue. We found that the electroretinograms and optokinetic nystagmus responses were normal in animals lacking ipRGCs ( Supplementary Fig. 3a, b) . On the basis of optomotor responses, the acuity of Opn4 aDTA/aDTA mice was slightly decreased compared with that of the wild-type mice (Fig. 1e) and Opn4 tau-LacZ/tau-LacZ mice ( Supplementary Fig. 3d ). This effect is most probably due to enlarged pupil diameters in the Opn4 aDTA/aDTA animals (see Fig. 3c and Supplementary Fig. 3c ). We also determined that these animals could use a visual cue to locate a flag-marked platform in a water maze (Fig. 1e ). These results demonstrate that image formation is functional despite the elimination of ipRGCs in Opn4 aDTA/aDTA animals. We could therefore determine the relative contribution of ipRGCs to PLR and circadian photoentrainment in the context of normal image formation.
Pupil constriction regulates the amount of light entering the eye, and thus pupil diameter is negatively correlated with light intensity. At high light intensity, the iris decreases the area of the pupil by 95% (full constriction) in comparison with dark-adapted conditions (fully dilated). At low light intensity in which the pupil constricts by 50% or less, rod-cone input is the main signal 8, 12 (Supplementary Table 1 ). In contrast, the intrinsic photosensitivity through the melanopsin protein in ipRGCs is necessary for full pupil constriction 8, 12 (Supplementary Table 1 ). We found that the PLR was absent in all Opn4 aDTA/1 mice at a light intensity that constricts the pupil in wildtype animals to about 50% (Fig. 3a, b ). This result suggests that although the melanopsin protein is not required for PLR at low light intensity, rod-cone input still requires the ipRGCs. We propose that ipRGCs are able to encode light intensities that are below the detection level of the melanopsin photopigment by integrating rodcone signals and relaying this information to the OPN for pupil constriction.
At high light intensity, six of nine Opn4 aDTA/1 mice constricted their pupils to 95%, in a similar manner to wild-type animals ( Fig. 3a,  b ). Full pupil constriction in these six animals indicates that the intrinsic photosensitivity persists in the remaining ipRGCs in Opn4 aDTA/1 mice and that only about 17% of ipRGCs are sufficient to drive full pupil constriction. The remaining three animals had aDTA/aDTA mice (aDTA/aDTA; n 5 11) and wild-type mice (n 5 6). a, d, SCN innervation is sparse in aDTA mice. b, e, The dorsal lateral geniculate nucleus (LGN) is innervated similarly both in aDTA and wild-type animals, whereas few fibres remain in the IGL of mutant mice (outlined regions). c, f, The OPN shell is innervated by ipRGCs and the core is targeted by other RGCs 15 . (aDTA/1) mice showed defective PLR at a light intensity (1.8 mW cm 22 ; 30 s white light; Low) that induced 50% constriction in wild types. The Opn4 aDTA/1 mice showed a 9.0 6 6.0% constriction. Six of nine Opn4 aDTA/1 mice had full pupil constriction at high light intensity (3 mW cm 22 ; High). The rest of the mutant mice (three of nine) showed defective PLR. b, Quantification of PLR data of wild-type (WT; n 5 9; black squares) and Opn4 aDTA/1 either photoentrained (green triangles; n 5 6) or nonphotoentrained (orange triangles; n 5 3) animals. All statistical comparisons were made by Student's t-test (two asterisks, P , 0.01). c, All Opn4 aDTA/aDTA animals (aDTA/aDTA) constrict their pupils only to a maximum of 42% after a light pulse that causes 95% constriction in wild types (161 mW cm (n 5 6) and Opn4 aDTA/tau-LacZ (n 5 8). The surviving cells are weakly stained (black arrows). Scale bar, 500 mm. d, Cross-sections of Giemsa-stained retinas from 18-month-old Opn4 aDTA/aDTA (aDTA/aDTA; n 5 3) and wildtype (n 5 3) mice. The morphology of retinas is indistinguishable between genotypes. GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; OS, outer segment. Scale bar, 50 mm. e, Left, the acuity (in cycles per degree) of Opn4 aDTA/aDTA mice (DTA; n 5 11; red bar) was slightly decreased in comparison with wild-type mice (WT; n 5 9; black bar). Right, the latency to locate a marked platform (cue) in a water maze was similar in Opn4 aDTA/aDTA (DTA; n 5 14; red bar) and wild-type (WT; n 5 12; black bar) mice. This latency significantly differed from that for unmarked platform (no cue) tests. All statistical comparisons used Student's t-test (asterisk, P , 0.05; two asterisks, P , 0.01); error bars indicate s.e.m.
pupil constriction defects at high light intensity (59 6 14%, in contrast with 96 6 1% in the wild type; Fig. 3b) . Interestingly, when the Opn4 aDTA/1 animals were placed under 24-h light/dark cycles, animals that had full pupil constriction photoentrained ( Supplementary  Fig. 4a ), whereas animals with defective pupil constriction had photoentrainment defects ( Supplementary Fig. 4b ).
The aDTA homozygotes have greater ablation of ipRGCs, and consequently all 12 Opn4 aDTA/aDTA animals had defective PLR (42 6 6%) at high light intensity (Fig. 3c, d) . A similar pupil constriction (about 40%) to that observed in Opn4 aDTA/aDTA mice is achieved by both wild-type and melanopsin knockout animals in response to a light stimulation that is about 1,000-fold lower in intensity 8 . This reduction in pupil sensitivity was observed in an intensity-response curve in Opn4 aDTA/aDTA mice at constrictions that are 55% or higher in the wild types ( Supplementary Fig. 5 ). Together, these data show that the rod-cone-dependent pupil constriction is reliant on signalling through ipRGCs at all light intensities ( Fig. 3 and Supplementary Fig. 5 ). The residual pupil constriction observed in the homozygous animals may reveal a possible role for the nonmelanopsin RGCs in pupil constriction. Alternatively, this residual pupil constriction could originate from rod-cone input through a few remaining ipRGCs in the Opn4 aDTA/aDTA mice. To assess the contribution of ipRGCs to circadian photoentrainment, we analysed the wheel running activity of wild-type (n 5 11) and Opn4 aDTA/aDTA (n 5 12) animals using 24-h light/dark cycles. Under constant dark conditions (DD), both wild-type and
Opn4
aDTA/aDTA animals had a functional circadian oscillator with period lengths of 23.3 6 0.1 and 23.8 6 0.1 h, respectively (Fig. 4a) . In a similar manner to math5 2/2 mice with severe optic nerve hypoplasia due to RGC loss, Opn4 aDTA/aDTA animals had significantly longer periods than wild types (Supplementary Table 2 ), confirming the loss of the fibres projecting to the SCN 21 . A light stimulus (1,500 lx) administered for 15 min at circadian time (CT)16 delayed the phase onset of the activity of the wild types by 1.66 6 0.23 h, whereas it did not affect the phase onset of activity in any Opn4 aDTA/aDTA animals (20.06 6 0.09 h) (Fig. 4a) . When the light/ dark cycle was advanced or delayed by 6 h, the activity of all wild-type animals synchronized with the shifted cycle (Fig. 4b and Supplementary Table 2 ). Opn4 aDTA/aDTA animals segregated into two groups with distinct responses. The first group of animals (8 of 12) free-ran completely under the shifted light/dark cycle ( Fig. 4b and Supplementary Fig. 6b-f ) in a similar manner to animals lacking all functional photoreceptors in the retina 6 , indicating that they were completely blind to the light shift. Animals in the second group (4 of 12) were weakly light responsive but not photoentrained, because they did not show a stable phase relation to the light/dark cycle ( Supplementary Fig. 7 ). Given that these four animals demonstrated very weak light responsiveness in the light/dark cycle but were not phase-shifted by the 15-min light pulse, we tested whether constant light (LL) conditions would lengthen the circadian period of Opn4 aDTA/aDTA mice. Under LL, 7 of 11 wild-type animals had periods longer than 24 h, whereas the remaining animals became completely arrhythmic (Supplementary Fig. 6a ). In contrast, both groups of Opn4 aDTA/aDTA animals had periods shorter than 24 h (Fig. 4c, Supplementary Figs 6b-f and 7 , and Supplementary Table  2 ). It had previously been shown that animals lacking only the melanopsin protein are similar to wild-type controls in adjusting to a 24-h light/dark cycle and have minor defects in their period lengthening under constant light and phase-delaying pulses of light 10, 11 . The severe defects in circadian photoentrainment observed in animals lacking ipRGCs demonstrate that these cells are required not only for intrinsically signalling light information through the melanopsin protein but also for conveying rod-cone light information to the SCN. Although several reports indicated that RGCs that do not express melanopsin innervate the SCN [17] [18] [19] 22 , our results reveal that the contribution of rod-cone signalling through these RGCs for photoentrainment is negligible.
The acute effects of light on activity (also known as masking) can be studied by using an ultradian 7-h light/dark (3.5:3.5 LD) cycle that disrupts the oscillator 6 . Under the ultradian regime, wild types confined their activity mostly to the dark portion of the ultradian cycle (84 6 4%). In contrast, the Opn4 aDTA/aDTA animals were active nearly randomly across an ultradian day, irrespective of light (64 6 3%; Fig. 4d ). This result demonstrates that melanopsin cells are essential for a direct light-driven physiological response that is independent of the circadian oscillator.
We have shown that the loss of ipRGCs does not influence image formation and therefore the involvement of this ganglion cell class in classical vision is only modulatory 13, 23 . In contrast, irradiancedependent NIF functions are substantially impaired in the absence of ipRGCs. Given that the ipRGCs constitute less than 2% of the total RGC population, it is striking that light information for circadian photoentrainment and PLR is conveyed predominantly through these cells. Moreover, the ability to form pattern vision does not affect photoentrainment.
METHODS SUMMARY
Animals. All experiments were conducted in accordance with National Institutes of Health guidelines and were approved by institutional animal care and use committees of the universities involved. Behavioural analyses. We used behavioural tests measuring the integrity of the outer retina (electroretinograms) 23 , eye-tracking functions (optokinetic nystagmus) 24 , visual acuity (optomotor) 25 , object identification (water maze) 26 , pupil constriction (PLR) 8, 12 , the period of the circadian oscillator (wheel running activity) 10, 11 , the adjustment of the circadian clock to different light stimulations (circadian photoentrainment, phase shifting, and constant light) 10, 11 and direct light effects on activity (masking) 9 .
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
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Optokinetic nystagmus responses. A mouse stabilized with a head post was placed into an acrylic holder in a 12-inch diameter drum. Computer-generated stimuli were projected down onto the drum walls. Black and white stripes 4u in width were rotated at 5u s
21
. Eye movements of mice were captured with an infrared video system (ISCAN). The fast saccade components were counted in 30-s bins with an algorithm that evaluated the high-velocity eye movements that followed a low-velocity movement in the opposite direction. Visual acuity. A virtual cylinder OptoMotry (Cerebral Mechanics) was used to determine visual acuity by measuring the image-tracking reflex of mice 25 . A sinewave grating was projected on the screen rotating in a virtual cylinder. The animal was assessed for a tracking response on stimulation for about 5 s. All acuity thresholds were determined by using the staircase method with 100% contrast. Morris water maze. To assess the ability of mice to detect a visual cue, we trained the animals to find a platform marked by a 10-cm tall, high-contrast visual cue under bright light (500 lx) in an 85-cm pool. On day 1, mice were trained with four trials 15 min apart. On the following day, latency to find the island was recorded first with the cue and then without it. PLR. All animals were dark-adapted for at least 1 h, and the eye of each animal receiving the photic stimulus was treated with 0.1% atropine before the start of recording. Measurements were restricted to the middle of the subjective day (CT4-8). One eye of each mouse was digitally captured at a frequency of one image per second for 63 s with a charge-coupled-device camera. The light stimuli (xenon arc light source) consisted of a 60-s pulse at an intensity of 3.8 mW cm 22 or 1.8 mW cm 22 of white light. For the Opn4 aDTA/aDTA experiments, the eye receiving the photic stimulus was treated with 1% atropine. While one eye received light stimulation from a 470-nm light-emitting-diode light source (E27-B24; 161 mW cm
22
; Super Bright LEDs), a digital camcorder (DCRHC96; Sony) was used to record from the other eye (for 30 s) at 30 frames s 21 under a 940-nm light (LDP). The digital video recoding was deconstructed to individual frames with Blaze MediaPro software (Mystik Media). The percentage pupil constriction was calculated as the percentage of pupil area at 30 s after initiation of the stimulus (steady state) relative to the dilated pupil size. Wheel running activity. Mice were placed in cages with a 4.5-inch running wheel, and their activity was monitored with VitalView software (Mini Mitter). The period was calculated with ClockLab (Actimetrics). For phaseshifting experiments, each animal was exposed to a light pulse (1,500 lx; CT16) for 15 min. After 41 days of constant dark, mice were re-entrained to 12:12 light/dark cycles for 19 days. Animals were then exposed to two jet-lag models: 16 days of a 6-h advance followed by 32 days of a 6-h delay. During the last two weeks of this treatment the animals were tested for PLR. Animals were then exposed to constant light for three weeks followed by ultradian 3.5:3.5 light/ dark cycles.
